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Lab

- Make sure that you have an engineering
UNIX account

- Contact ECS if you don't
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MOS Transistor Theory

- Two types of transistors
— nMOS
— pMOS

- Digital integrated circuits use these
transistors essentially as a voltage
controlled switch
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NnMQOS Transistor

oIf the gate is “high”, the switch is on
*If the gate is “low”, the switch is off

drain

S O = O d
gate
s 4=0 O——d

source
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NnMQOS Transistor

Body/Substrate (p)
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NnMQOS Transistor

n+

Body/Substrate (p)

n+
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NnMQOS Transistor

| Oxide |

Polycrystaline Silicon

n+

Body/Substrate (p)
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NnMQOS Transistor

Source

Gate

Oxide

Polycrystaline Silicon

Drain

n+

Body/Substrate (p)

n+
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NnMQOS Transistor

Gate

Polycrystaline Silicon

Drain

Oxide

Source
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NnMQOS Transistor

Gate

Polycrystaline Silicon

Drain

Oxide
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NnMQOS Transistor
Ga|ue/@VGS< V5

Source rain
| | Oxide |

Depletion Region
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NnMQOS Transistor
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‘ Inversion Region
Source
Oxide Drain
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NnMOS Transistor
QVGS>VT

| Oxide |
/ \
n+ Depletion Region n+

Source
Drain

Inversion Mode
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NnMQOS Transistor

los Ips
VT VGS - VT VGS -
Enhancement-mode Depletion-mode
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Threshold Voltage

- Dependent on
— Gate conductor material
— Gate insulator material
— Channel Doping

— Voltage difference between source and body
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Threshold Voltage

Vi =Vpo + Y(\/‘_2¢F + VSB‘ - ‘2¢F‘)

*Threshold voltage is usually arrived at
empirically
*v is the body-effect coefficient and controls the
impact of the source to bulk voltage
O Is the Fermi potential and is dependent on
doping levels
kT
¢F qln( N)

l
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PpMQOS Transistor

Gate
Polycrystaline Silicon

Drain

Source
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PpMQOS Transistor

% VGS VT

Enhancement-mode
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NnMOS Transistor
QVGS>VT

Oxide Drain

\mletion Region \ n+ / /

Vps small (Vgg-Vps>Vi)

Source

Linear or Nonsaturated Mode
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NnMOS Transistor
QVGS>VT

Vps = Yes - V1
OX|de Drain
o\

Source

Linear or Nonsaturated Mode
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NnMOS Transistor
QVGS>VT

’___‘Oxi de Drain
n+ Depletion Region \ n+ /

Vs large| (Vpg> Vigg-Vo)

Source

Saturated Mode
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MOS Transistor Parameters

© John A. Chandy
Dept. of Electrical and Computer Engineering
University of Connecticut

ECE 249 VLSI Design and Simulation
Spring 2005
Lecture 2



MOS Transistor
Characteristics

Gate

Source

Drain

0 L

Linear Mode
*Assume both Vs>V, and V>V

*Assume that V; is constant for x in [0:L]
*V(0) =0 and V(L) = Vg
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MOS Transistor

Characteristics
Source % Drain

*Mobile electron charge
Qi(x) = _Cox[VGS — V(X) - VT]

Spring 2005
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MOS Transistor
Characteristics

» Current is product of carrier drift
velocity and availabe charge
I, =-v(x)0,(x)W
Ihs =-u, d_VQz(x)W
dx
Igdx =-Wu, Q,(x)dV

Integrating along channel

fOL I,dx =-Wu, fOVDS Q.(x)dV
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MOS Transistor Characteristics

fOL Ipsdx =-Wu, fOVDS Q,(x)dV

LosL =W, [ C, [V = V() =V, ]V

I[,L=WuC

oxX

2
(VGS - VT )VDS — %}

IDS = kn

2
(VGS - VT )VDS — %}

*k_is the gain factor and is dependent on the
transconductance (u,C,) and the ratio between W and L.
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Example

« u,=600cm?Vs
C.,=7x10° F/cm?
« W=20 um

« L=2 um
« k,=u,C_,, WL =0.42 mA/V?

© John A. Chandy
Dept. of Electrical and Computer Engineering
University of Connecticut

ECE 249 VLSI Design and Simulation
Spring 2005
Lecture 2



MOS Transistor

8. 604 , , . .

VMy=s=3
Wys=d
VMy=E=3

8.8833 - .

B.883 - .

g.8823 - E

g.age - .

Orain Current

B.8815 ~ .

H.@81 - .

H.B88ES ~ .

o) ] ] 1 1
=} 1 =4 3 4 =] =)

Irain Yoltage
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MOS Transistor

8. 604 , , . .

VMy=s=3
Wys=d
VMy=E=3

8.8833 - .

B.883 - .

g.8823 - E

g.age - .

Orain Current

B.8815 ~ .

H.@81 - .
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MOS Transistor

H.@84

8.88335

B.863

8.8823

g.ag2a

Orain Current

B.E8815S

H.@81

H.BEES
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Linear

T
VMy=s=3
Wys=d
VMy=E=3

Saturated

3
Irain Yoltage
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MOS Transistor

« Cutoff region (Vgg<Vr)

I,,=0
» Linear region (Vgs>V+, Vps<Vgs-Vo)
Vs
2
- Saturated region (V55>V+, Vps>Vgs-Vo)

2

IDS = kn

(VGS — VT )VDS —

V.. -V
IDS=kn( GS2 T)
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MOS Transistor

« Cutoff region (Vgg<Vr)
S / D

» Linear region (Vgs>V+, Vps<Vgs-Vo)

S AMA D

- Saturated region (V55>V+, Vps>Vgs-Vo)

c —(O— o
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MOS Transistor Secondary
Effects

- Body effect

- Channel-length modulation
 Drain punchthrough

- Impact ionization

- Velocity Saturation

Spring 2005 Dept. of Electrical and QomPuter Engineering



Body effect

« We assumed that V,5=0 - |.e. the source
potential equals the substrate potential

« In certain situations, this assumption is
not true

- Has the effect of raising the threshold
voltage
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Channel-Length Modulation

- We previously assumed a constant L

+ In reality, when Vg > (Vgs-V5), the channel is
pinched off and the effective channel length is
reduced.

 Pinch off length is proportional to the square
root of Vgg-V5

 Net effect is that |5 is not constant in the
saturated region.
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MOS Transistor

« Cutoff region (Vgg<Vr)

I,,=0
» Linear region (Vgs>V+, Vps<Vgs-Vo)
Vs
Ins =k, (VGS -V: )VDS - 7
- Saturated region (V55>V+, Vps>Vgs-Vo)

2

et BV ()

© John A. Chandy
Dept. of Electrical and Computer Engineering
University of Connecticut

ECE 249 VLSI Design and Simulation
Spring 2005
Lecture 2



Channel-Length Modulation

H.@84

8.88335

B.863

8.8823

g.ag2a

Orain Current

B.E8815S

H.@81

H.BEES

=] 1 1 1 1 1
a 1 = 3 4 3 &
Irain Yoltage
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MOS Transistor

« Cutoff region (Vgg<Vr)
S / D

» Linear region (Vgs>V+, Vps<Vgs-Vo)

S AMA D

- Saturated region (V55>V+, Vps>Vgs-Vo)

S AMA D

(<
N
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Drain punch-through

For very large Vg, the depletion region
grows from the drain to the source

Current flow increases rapidly

+ Vg5 has no control on the current

Potentially damaging to transistor

Short channel effect
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Impact ionization

- At small gate lengths, electric field
becomes more pronounced

- Electrons get excited with enough energy
to cause a substrate current

- This causes change of transistor

parameters - threshold voltage, current
flow, etc.
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Velocity Saturation

- Assumption was that carrier velocity is
proportional to electric field

- When channel is small, and the voltage is
large, the velocity can saturate
{MHS §<E,
UV =
w,s. §>¢,

&. 1s value of electric field at which velocity saturates
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MOS Transistor

« Cutoff region (Vgg<Vr)

I,,=0
» Linear region (Vgs>V+, Vps<Vgs-Vo)
Vs
2
- Saturated region (V55>V+, Vps>Vgs-Vo)

IDS = kn

(VGS — VT )VDS —

2
(VGS - VT )VDSAT - VDSAT

IDS = kn 2
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Velocity Saturation

Short-channel device
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Velocity Saturation

x 10
25 , | |
Vps=Vpsar o
2‘ O 5 i3 o |
° Velocity
15 Saturated . . . . ———
< . e °
~ Linear
1+ . |
./ Vpsa™=Ver
05 - / -
/ <>“/ =V 6 o6 o O o O o O o ©° © s o o O o ©o  ©
s GT Saturated
0 . A A A

Vos (V)
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MOS Gain Characteristics

dl
dV,

- Transconductance &» =
— Cutoff region
g, =0
— Linear region
8n =k, Vi

— Saturated region

8n = kn<VGS — VT)
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CMOS Characteristics

VIN— Vout
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NnMQOS Transistor

 Cutoff region (Vgg,>V-,)
IDSn = O
 Linear region (Vgs,<V+h, Vosn™>Vasn-Vi)

2
VDS n

IDSn = _kn (VGSn - VTn )VDSn o

« Saturated region (Vgg, <V, Vpsn<Vasn-Vm)
(VGSn — VTn

n

2
I, =-k ) (1+ AV,,)
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PpMQOS Transistor

» Cutoff region (Vgg,>Vr,)
I, =0
+ Linear region (Vgg,<Vry, Vpsp™VaseVip)

V2
Ips, = kp (VGSp -V )VDSp - I;SP
« Saturated region (Vgg,<Vr,, Vpsp<VaspVp)

(VGSp — VTp

)2
I (1+ AV, )

DSp — kp
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CMOS Inverter

T
Vgs=3 ——

Orain Current
=
T

—G.884 ! L 1 L 1
-5 -4 -2 8 2 4 3
Orain Voltage

ECE 249 VLS| Design and Simulation Dent. of Electrioal and C © "t°hr:EA' Chandy
Spring 2005 ept. of Electrical and Computer Engineering

Lecture 2 University of Connecticut



CMOS Inverter

8. 604 , , .

8.8833 -

B.883 -

g.8823 -

g.age -

Orain Current

B.8815 ~

H.@81 -

H.B88ES ~

=] L 1 I
-6 -4 -2 & z 4 &
Irain Yoltage
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CMOS Inverter

SIS
-
< < S
<
S

Sp i
VDSp = Vout — VDD
Vm =~ th
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PpMQOS Transistor

 Cutoff region (v, >v,,-v,)
I, =0

- Linear region (V,<Vp,-Vy, V.

out

>V. +V.)

5
_ VD ) _ (Vout _ZVDD)

<V, +V.)

Ls =k, |(V,, =V, + V)V

n out

- Saturated region (v, <V,,-V,, V

out
V. =V +V
IDS _ kp ( n DD T

) (1+ AV, =Vip))



CMOS Inverter

8,804 , .

8.8833 -

B.883 -

g.8823 -

g.age -

Orain Current

B.8815 ~

a.801 V =3_

a.aaaé\/i—nz/ V. =2_

1 1 1 1 I —
1 = 3 4 3
Irain Yoltage

<
1
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CMOS Inverter

8,804 , .

8.8833 -

B.883 -

g.8823 -

g.age -

Orain Current

B.8815 ~

H.@81 -

e |
a

1 = 3 4 3
Irain Yoltage
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Next Class

- Noise Margin
. Static Load Inverters
- Read Chapter 5
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